The widespread occurrence of pyrope garnet in Archean lithospheric mantle remains one of the 'holy grails' of mantle petrology. Most garnets found in peridotitic mantle equilibrated with incompatible-trace-elementenriched melts or fluids and are the products of metasomatism. Less common are macroscopic intergrowths of pyrope garnet formed by exsolution from orthopyroxene. Spectacular examples of these are preserved in both mantle xenoliths and large, isolated crystals (megacrysts) from the Kaapvaal craton of southern Africa, and provide direct evidence that some garnet in the sub-continental lithospheric mantle formed initially by isochemical rather than metasomatic processes. The orthopyroxene hosts are enstatites and fully equilibrated with their exsolved phases (low-Cr pyrope garnet ± Cr-diopside). Significantly, P-T estimates of the postexsolution orthopyroxenes plot along an unperturbed conductive Kaapvaal craton geotherm and reveal that they were entrained from a large continuous depth interval (85 to 175 km). They therefore represent snapshots of processes operating throughout almost the entire thickness of the sub-cratonic lithospheric mantle.
Introduction
OVER the last 50 years our understanding of the thermal and compositional structure of the Earth's interior has changed dramatically. Pivotal to this transformation in scientific understanding have been findings from petrological and geochemical studies on kimberlite-borne mantle xenoliths and inclusions in diamonds; these provide the only direct information on the deep mantle, and in turn unique constraints on its long-term evolution and compositional variability (e.g. Boyd, 1989; Boyd et al., 1993; Burgess and Harte, 2004; Dawson, 2004; Dawson et al., 1980; Harte, 1983; Pearson et al., 2014; Pearson and Wittig, 2013; Stachel et al., 2004 Stachel et al., , 2005 Walter et al., 2011) . Information gained from pressure and temperature (P-T) estimates of these mantle fragments has been fundamental to calculation of geothermal gradients and calibration of corresponding seismic data, and key to understanding the long wavelength, spatial variability in the thermal structure and thickness of ancient continental lithosphere (e.g. Begg et al., 2009; Griffin et al., 2003; Mather et al., 2011; McKenzie et al., 2005; Priestley and McKenzie, 2013) .
Even after several decades of mantle petrology, isotope geochemistry and solid-Earth geophysics there is, however, no consensus on how the ancient cores of continents formed and information on macro-scale geodynamic processes gained from micro-scale observations and in situ analyses of individual phases continues to fuel investigations on mantle peridotites. While mantle xenoliths are our only direct probes of the deep Earth, most have suffered modal and cryptic overprinting since their initial time of formation (Boyd et al., 1993; Dawson, 1987) , which makes deciphering their pressure-temperature and time histories complex. Much of the interpretation of the compositional evolution of the sub-cratonic mantle has focused on pyrope garnets (e.g. Burgess and Harte, 2004; Gibson et al., 2008 Gibson et al., , 2013 Harte and Gurney, 1981; Ivanic et al., 2016; Shu and Brey, 2015; Stachel et al., 1998) but the widespread and variable occurrence of this high-density phase in Archean lithospheric mantle remains one of the outstanding 'holy grails' of mantle petrology. The nature and timescales of formation of garnet are important to our understanding of how the deep keels of Earth's sub-cratonic lithospheric mantle have remained stable for the last 2.5 Ga, as it potentially leads to negative buoyancy and destabilization (Gibson et al., 2013; Jordan, 1979; Lee et al., 2011; Peslier et al., 2010; Schutt and Lesher, 2010) .
Archean sub-cratonic mantle peridotites are distinguished from those found in off-craton settings by their higher Mg# (Mg/[Mg + Fe] × 100), which is commonly >92, and are considered to be more refractory melt residues (Boyd, 1989) . Much of the Archean sub-cratonic lithospheric mantle is thought to consist of amalgamated residues of convecting mantle melting (Boyd et al., 1993; Harte, 1983 ) that formed by: (1) single-stage melting in a tectonic setting analogous to present-day oceanic spreading ridges (Doucet et al., 2012; Gibson et al., 2008) and/or hotspots (Arndt et al., 2009 ), but at potential temperatures up to ∼250°C higher (Herzberg and Rudnick, 2012; Lee and Chin, 2014; Richter, 1988) ; or (2) multi-stage shallow melting, initially beneath a spreading ridge followed by hydrous remelting in a convergent tectonic setting (Carlson et al., 2005; Pearson and Wittig, 2008; Shu et al., 2013; Simon et al., 2007) . Despite these different opinions on the melting regime, Re-Os model ages indicate that melt depletion events associated with the initial formation of sub-cratonic lithospheric mantle were ancient and occurred between 3.5 and 2.5 Ga (Pearson et al., 1995; Walker et al., 1989) . The paradox is that garnet typically occurs in mantle lithologies depleted in clinopyroxene (dunites and harzburgites), which represent residues of major melting events involving up to 40% partial melting, whereas experimental studies on fertile peridotite suggest that garnet should be exhausted by <20% melting ( Fig. 1 ; Herzberg, 2004; Simon et al., 2003; Walter, 1998) .
The compositions of pyrope garnets commonly found in mantle peridotite suites are diverse and generally vary in accordance with paragenesis (Burgess and Harte, 2004; Grütter et al., 2004; Gurney et al., 1979; Gurney and Switzer, 1973; Sobolev et al., 1973) . For example, garnets from FIG. 1. Change in density of mantle peridotite as garnet is removed during partial melting (after Artemieva, 2011). harzburgites have low CaO contents and are commonly 'sub-calcic' whereas those found in lherzolites have higher CaO contents, and show a steep positive correlation with Cr 2 O 3 (Fig. 2) . Typically, pyrope garnets from a lherzolitic subcratonic mantle are enriched in strongly-incompatible trace elements from which equilibrium with highpressure, small-fraction, volatile-rich, metasomatic mantle melts or fluids has been deduced (e.g. Gibson et al., 2013; Shu and Brey, 2015; Stachel and Harris, 1997) . A substantial overlap exists between sub-calcic garnets found in harzburgites and those in diamond inclusions (Stachel and Harris, 2008) and suggests that they represent garnets from the early formation of the subcontinental lithosphere. The discovery of: (1) rare garnets with ultra-depleted CaO (<2 wt.%; Fig. 2 ) and/or very-low incompatible-trace-element contents (Dawson, 2004; Gibson et al., 2013) ; and (2) exsolution lamellae of garnet in orthopyroxene (Aoki et al., 1980; Dawson, 2004; Dawson et al., 1980; Eggler et al., 1979) suggest that at least some pyrope garnets in the lithospheric mantle have an isochemical rather than a metasomatic origin.
The scarcity of garnets with exceptionally-low CaO is almost certainly because less than 1% of the mantle sampled by xenoliths and megacrysts is unmetasomatized (Pearson and Wittig, 2013) and the extent to which sub-cratonic lithospheric mantle has been affected by exsolution of garnet from orthopyroxene (enstatite) remains enigmatic; much more widely reported is the exsolution of garnet from clinopyroxene in mantle eclogites and pyroxenites rather than peridotites (Beeson and Jackson, 1970; Faryad et al., 2009; Harte and Gurney, 1975; Jerde et al., 1993; Roach, 2004; Harte, 1988, 1990; Wilkinson, 1976) . Here, I present detailed descriptions of mineral microstructures together with the first in situ major-and trace-element analyses of pyrope garnets found as exsolution lamellae in enstatites. Geothermobarometry shows that sub-solidus exsolution occurs over an extensive depth range in the Kaapvaal lithospheric mantle. This supports the hypothesis that isochemical formation of garnet is not a localized feature and hence of importance to our understanding of the evolution and long-term stability of the lithospheric mantle.
FIG. 2. CaO vs.
Cr 2 O 3 classification plot for mantle garnets in equilibrium with orthopyroxene and/or clinopyroxene, after Sobolev et al. (1973) and Grütter et al. (2004) . The compositions are shown for garnets exsolved in orthopyroxene megacrysts and orthopyroxenes found in mantle peridotites entrained by various kimberlite pipes from the Kaapvaal craton. Garnets in equilibrium with primitive mantle melts are characterized by ∼2 wt.% Cr 2 O 3 and 4 to 5 wt.% CaO. In garnet lherzolites, orthopyroxene and clinopyroxene buffer the effects of moderate degrees of melt depletion which causes the Ca and Cr contents of garnets to increase until all of the clinopyroxene is exhausted (Grütter et al., 1999; Stachel and Harris, 2008) . Data are from Table 2 .The field of discrete and exsolved garnets found in peridotites from the Sierra Nevada continental arc (Chin et al., 2012) is shown for comparison (see text for discussion).
Evidence for isochemical formation of pyrope garnet in the lithospheric mantle Low Ca and Cr ('ultra-depleted') pyrope garnets
Published reports of pyrope garnets formed by isochemical exsolution are abundant in the literature. A small number of pyrope garnets with ultradepleted major-and/or trace-element compositions have been found in mantle peridotites from the Tanzanian and Kaapvaal cratons (Gibson et al., 2013; Lazarov et al., 2009 Lazarov et al., , 2012 Shu and Brey, 2015) , and also in xenocryst suites from the Siberian, North Atlantic and Superior cratons (Grütter and Tuer, 2009; Ziberna et al., 2013) . They are distinguished by their very low CaO contents (<2 wt.%; Grütter et al., 2004) . Ultradepleted garnets found in mantle peridotites from the Tanzanian sub-cratonic mantle (at Lashaine) are especially notable because they have very low concentrations of light rare-earth-elements (LREEs) that are similar to those of hypothetical garnets thought to have formed prior to metasomatism of the Earth's sub-cratonic mantle (Gibson et al., 2013) . These rare Ca-and Cr-poor garnets coexist in chemical and textural equilibrium with highlyrefractory olivine (Fo 95.4 ) and orthopyroxene (Mg# = 96.4). Importantly, all of these phases are more magnesian than generally encountered in global samples of depleted lithospheric mantle, i.e. harzburgites and diamond inclusion suites (Gibson et al., 2013) . The Tanzanian ultra-depleted garnets form interconnecting networks ('necklaces') around grains of orthopyroxene, which together with the major, trace and REE contents of the garnets implies an origin by isochemical exsolution involving diffusion of large cations (Si 4+ and Al 3+ ) to grain boundaries during sub-solidus cooling. The ultra-depleted Tanzanian garnets occur in low-temperature (∼1050°C) peridotite xenoliths derived from depths of ∼120 km, i.e. shallower than those normally reached by percolating metasomatic melts and fluids in this region, and have not been metasomatized by their transporting melts (Gibson et al., 2013) .
Occurrences of garnets with ultra-low CaO contents may be rare because: (1) their low CaO concentrations make them readily susceptible to geochemical overprinting by Ca-rich metasomatic melts (e.g. Burgess and Harte, 2004; Gibson et al., 2013; Griffin et al., 1999a; Schulze, 1995) ; and (2) highly-refractory peridotite is more common in the 'shallow' lithospheric mantle but is not normally brought to the surface by ascending melts, which tend to metasomatize and preferentially sample their source regions in the deeper mantle. Nevertheless, the depleted compositions of these garnets offer important evidence that they are not solely a result of fractional crystallization and/or reaction of percolating, incompatible-traceelement-rich, metasomatic agents in the subcratonic lithospheric mantle (Eggler and Wendlandt, 1982; Gurney et al., 1979) .
Garnet exsolution from orthopyroxene in megacrysts and peridotite xenoliths from the Kaapvaal sub-cratonic lithosphere Olivine, orthopyroxene, clinopyroxene, garnet, ilmenite and phlogopite commonly occur as large (>2 cm), single 'megacrysts' in kimberlites (Dawson, 1980) . Suites of these mantle megacrysts vary in terms of their compositions and have been divided into: (1) a Cr-poor megacryst suite, which contains garnet, orthopyroxene, clinopyroxene and ilmenite with low Cr 2 O 3 , high TiO 2 contents and variable Mg# (Harte and Gurney, 1981) ; and (2) a less-common, Cr-rich megacryst suite with compositions similar to those found in mantle peridotites (Eggler et al., 1979; Moore and Costin, 2016) . A further suite of orthopyroxene megacrysts, distinguished by their coarse exsolution lamellae (cf. fine exsolution lamellae present in Cr-poor and Cr-rich orthopyroxene megacrysts) has also been described (Eggler et al., 1979) . These orthopyroxene megacrysts are characterized by much lower CaO at a given Al 2 O 3 content and extend to more Mg-rich compositions than orthopyroxenes in the Cr-poor and Cr-rich megacryst suites (Gurney et al., 1979) .
Chromium-poor megacrysts crystallize over a wide range of temperatures (1050 to 1400°C) in the lower sub-cratonic lithosphere and have been linked via their large size, compositions and ages to fractional crystallization of percolating, metasomatic, kimberlite-like melts (Harte et al., 1993) . The sub-microscopic exsolution lamellae in both the Cr-poor and Cr-rich orthopyroxene megacrysts most probably formed by relatively rapid cooling whereas the orthopyroxenes containing macroscopic exsolved garnet are thought to have cooled slowly and represent fragments of ancient lithospheric mantle (Harte and Gurney, 1981) . Both fine and coarse garnet exsolution lamellae have been described in orthopyroxene found as megacrysts at Frank Smith and Bellsbank diamond mines in the classic Kimberley area and in a lherzolite xenolith (BD1366) from Monastery mine, Lesotho (Aoki et al., 1980; Dawson, 2004; Dawson et al., 1980) . In the latter, garnet occurs together with Cr-spinel and Cr-diopside as fine-scale exsolution lamellae in a large porphyroclast of orthopyroxene (enstatite) or as a 'necklace' along orthopyroxene grain boundaries (Dawson, 2004) . These exsolution textures are associated closely with deformation textures (kink banding) in the enstatite host and appear to be linked to strain of the crystal lattice (Dawson, 1981) .
Analytical Methods
In this study, modal proportions of mineral phases were determined by tracing grain boundaries in digital scans and then calculating the areas occupied by each phase using the open-source, image-processing package Fiji ® . Orthopyroxene, clinopyroxene and garnet were analysed in 13 samples for major and some trace elements using a Cameca SX100 electron microprobe in the Department of Earth Sciences at the University of Cambridge. This was equipped with five wavelength-dispersive spectrometers and one energy-dispersive spectrometer. Trace-element concentrations in garnet were determined in five of these samples using a New Wave UP213 Nd: YAG laser ablation system interfaced to a PerkinElmer Elan DRC II inductively coupled plasma mass spectrometer (LA-ICP-MS) in the Department of Earth Sciences at the University of Cambridge. An 80 µm diameter beam and a laser repetition rate of 10 Hz at a power of ∼1 mJ (10 J cm -2 ) were used for the entire study. The spot size was chosen as a compromise between signal intensity and the size of the minerals of interest in the samples. (Fig. 3) . Microstructures in the orthopyroxenessuch as undulose extinction and oriented, fine lamellae -are most evident in cross-polarized light (Fig. 4) . The textures associated with the exsolved garnet can be subdivided into four types. In orthopyroxene megacrysts, garnet tends to be the dominant exsolved phase and may occupy up to ∼25 vol.% of the crystal (Table 1 ). The highest proportion of orthopyroxene occurs in megacrysts that contain isolated blebs of garnet (Fig. 4a) . Intra-grain exsolution of garnet is best preserved in large orthopyroxene grains (i.e. megacrysts). This is presumably because in the smaller grains (<10 mm), which are commonly found in peridotite xenoliths, diffusion lengths of Al 3+ and Si 4+ are such that garnet nucleates in interconnected networks of crystals on orthopyroxene grain boundaries. Clinopyroxene only occurs in small modal amounts (<6%) and forms rods or blebs with deformation twins (Fig. 4a) . Minor secondary phlogopite was observed in a few samples (Table 1) .
Multi-stage, multi-phase exsolution in a single orthopyroxene megacryst
The wide variety of exsolution styles are displayed strikingly in a single enstatite megacryst BD3736/1 (Fig. 5 ). These offer a unique insight into the sub-solidus cooling history of subcratonic lithosphere and hence are described in detail below.
Megacryst BD3736/1 was entrained by the 86 Ma Jagersfontein kimberlite (Smith et al., 1985) . The host enstatite, which is 20 mm long and 10 mm wide and shows undulatory extinction, contains 23% exsolved garnet and 2% exsolved clinopyroxene (Table 1) . The exsolved garnets occur as elongate, 1.5 mm wide grains that form evenly-spaced (4 mm) chains parallel to {001} of (continued) he orthopyroxene host. Coarse, 'spindle-shaped' blebs and also fine lamellae of clinopyroxene occur perpendicular to the exsolved garnet chains, and are parallel to {110} of the host orthopyroxene (Figs 5 and 6). The clinopyroxene blebs occur at evenly spaced intervals (0.75 mm) along orthopyroxene-garnet grain boundaries and often extend out into the host orthopyroxene forming thin 'tails' (Fig. 6 and Supplementary Figure, deposited at http://www.minersoc.org/pages/e_journals/dep_ mat_mm.html). These coarse exsolved clinopyroxenes in some instances cut across the garnet chains. The fine clinopyroxene lamellae are 3.5 mm long and occur at intervals of ∼<10 μm. They are best developed away from the chains of exsolved garnet so that ∼0.3 mm wide, lamellae-free zones (haloes) occur in the orthopyroxene adjacent to the garnets. Also, at the junction of the garnets and orthopyroxenes there are low-angle, planar, subgrain boundaries that show evidence of dislocation climb. These are variably offset around different garnet grains. Where they occur in dislocation zones, the fine clinopyroxene lamellae show evidence of refraction, usually near their terminations.
Variations in mineral chemistry of host orthopyroxene, exsolved garnet and clinopyroxene
The major-element analyses show that all of the orthopyroxene megacrysts investigated are enstatites (Mg# = 63-94) with low CaO and Al 2 O 3 contents and, most importantly, are typical of those found in garnet-bearing mantle peridotites (Fig. 7) . At Monastery, Jagersfontein, Bultfontein and Table 2 ). The exsolved garnets are pyropes with a wide range in Mg# (63 to 87). Whereas garnets in individual samples are compositionally uniform those from different samples have highly variable Cr 2 O 3 (1.8 to 5.6 wt.%) but restricted CaO contents (4.4 to 5.7 wt.%) and in these respects resemble mantle garnets of lherzolite paragenesis (Fig. 2) Gibson et al., 2008) . Exsolution of garnet and in some cases clinopyroxene decreases Al 2 O 3 and CaO contents so that megacrysts that once had comparable compositions to those found in off-craton spinel lherzolites now resemble those found in on-craton garnet peridotites. Data are from Table 2 . Orthopyroxenes found in peridotites from the Sierra Nevada continental arc (Chin et al., 2012) are shown for comparison (see text for discussion). TiO 2 contents (<0.1 wt.%) and are similar to discrete garnet grains found in lherzolites. The exsolved clinopyroxenes are characterized by high Ca/(Ca + Mg) ratios (0.45 to 0.50), Mg# (87 to 95) and Cr 2 O 3 contents (1.4 to 2.9 wt.%) and are therefore Cr-diopsides (Stephens and Dawson, 1977) . The Mg# of the clinopyroxene is usually similar to the orthopyroxene host but Cr 2 O 3 contents are much higher. In BD3736/1 the clinopyroxene blebs are more magnesian (Mg# = 95) than the fine clinopyroxene exsolution lamellae (Mg# = 91). The lowest Mg# and Cr 2 O 3 contents are found in clinopyroxenes exsolved in orthopyroxene megacrysts from Frank Smith mine. Like the garnets, the clinopyroxenes are characterized by low TiO 2 (<0.2 wt.%), but have moderate Na 2 O (1.4 to 2.6 wt.%) and Al 2 O 3 contents (1.4 to 2.9 wt.%), and resemble those found in lherzolites.
Given the large variations in major-element contents of the exsolved garnets it is unsurprising that they also show a large range in trace-element concentrations. The highest concentrations of incompatible trace elements (Hf, Sr, Ti, Y and Zr) were found in garnets exsolved from orthopyroxene megacryst BD1959 (Wesselton ; Table 3 ) and in a necklace around an orthopyroxene in peridotite BD3635 (Kimberley). On a chondrite-normalized REE plot (Fig. 8) , these garnets display a 'normal' pattern, i.e. they have low concentrations of light REEs (0.5 to 11 × chondrite) and similar, moderate concentrations of middle to heavy REEs (12-20 × chondrite). Garnets from 2015/5 (Frank Smith mine) display mildly-sinusoidal REE patterns and have concentrations of light and heavy REEs that are much lower than those in BD1959. The different REE patterns are not restricted to individual localities, however. At Wesselton exsolved garnets with 'normal' patterns occur together with those that have strongly-sinusoidal chondritenormalized REE patterns (e.g. BD1942). The latter exhibit a maxima at Sm and a minima at Er (Fig. 8) . They have low but variable La and Ce concentrations, and the lowest concentrations of heavy rare-earth elements (HREEs) out of all of the exsolved garnets analysed. Exsolved garnets in orthopyroxene megacryst BD3736/1 (Jagersfontein) are especially notable because they have extremely-low concentrations of Hf, Nb, Pb, Rb, Th, U, Zr and LREEs, which are typically below detection limits (Table 3) . Concentrations of LREEs are <0.04 × chondrite and HREEs are up to 10 × chondrite. As a consequence, garnets from BD3736/1 have very steep slopes on normalized REE plots (Fig. 8) .
Reconstructed primary orthopyroxene compositions
The reconstructed bulk compositions of preexsolution Kaapvaal orthopyroxene megacrysts are shown in Table 4 . These are calculated from the major-element compositions and modal proportions of both the exsolved and host phases (Tables 1  and 2 ). The pre-exsolution megacryst compositions all have the correct stoichiometry for orthopyroxene but they are highly variable in terms of Mg# (84 to 93.5), Al 2 O 3 (0.8 to 5.8 wt.%) and CaO contents (0.8 to 5.6 wt.%). It is noteworthy that the Mg# of both the reconstructed pre-exsolution orthopyroxene (Table 4 ) and post-exsolution orthopyroxene megacrysts (Table 1 ) are similar and do not appear to have changed during exsolution. This is consistent with the findings of von Seckendorff and O'Neill (1993) which showed that the Fe/Mg ratio in orthopyroxene is controlled by bulk-rock composition and relatively insensitive to changes in temperature and pressure. In contrast to Mg#, the contents of both CaO and Al 2 O 3 are noticeably greater (Fig. 7) and the SiO 2 content is lower in the pre-exsolution orthopyroxene.
Final P-T estimates for Kaapvaal orthopyroxene megacrysts and mantle peridotites
The presence of co-existing orthopyroxene, garnet and sometimes clinopyroxene allows final equilibration pressures and temperatures (i.e. post exsolution) of the Kaapvaal megacrysts and peridotite xenoliths to be estimated. Combinations of the two-pyroxene solvus thermometer of Taylor (1998) , the Ca-in-orthopyroxene thermometer of Brey and Köhler (1990) and the garnetorthopyroxene Al-barometer of Nickel and Green (1985) were used iteratively to estimate temperatures and pressures, as recommended by Nimis and Grütter (2009) . These geothermometers and geobarometers rely on major-element contents of various co-existing minerals and assume that the phases are fully equilibrated. The extent of equilibrium in co-existing mineral phases was established following the recommendations of Nimis and Grütter (2009) . An initial check was made by comparing temperatures estimated for samples bearing both clinopyroxene and orthopyroxene. These showed only a slight difference (<30°C ) for the two-pyroxene solvus (Taylor, 1998) and Ca-in-orthopyroxene thermometers Fig. 9 ). Some of the samples from Jagersfontein, Frank Smith and Monastery equilibrated at temperatures outside the lower bound of experiments used by Taylor (1998), i.e. <900°C. showed that at these low temperatures the Ca-in orthopyroxene parameterization gives slightly high values but the excellent positive correlation between the results from the two thermometers (R 2 = 0.968) confirms that the orthopyroxene and exsolved clinopyroxene are fully equilibrated. The temperatures obtained for both clinopyroxene-bearing and clinopyroxenefree samples are therefore internally consistent regardless of the parameterization used.
Pressure estimates for Kaapvaal samples containing fully-equilibrated orthopyroxene and exsolved garnet range from 26 to 53 kbars, which correspond to a depth interval of 85 to 175 km in the lithosphere. Temperature estimates for the same samples are also highly variable, ranging from 700 to 1100°C (Table 2 and Fig. 10) . Importantly, Fig. 10 shows that co-variations in temperature and pressure recorded by these samples correspond almost exactly to the 45.6 mW/m 2 conductive geotherm for kimberlite-hosted mantle peridotites from Finsch mine in the western Kaapvaal craton (Gibson et al., 2008; Lazarov et al., 2009) . Xenoliths from the 118 Ma Finsch kimberlite (Smith et al., 1985) were entrained over a large depth interval and define a geotherm that is less perturbed at the base of the lithosphere than those hosted by some more recent Kaapvaal kimberlites, which are thought to be affected by regional heating FIG. 8 . Chondrite-normalized rare-earth-element plots illustrating the range of compositions of garnets exsolved from orthopyroxene found in Kaapvaal mantle megacrysts and peridotites. The various rare-earth-element patterns displayed by garnets found in mantle peridotites from the Tanzanian craton (Gibson et al., 2013) are shown for comparison as are the compositions of garnets in equilibrium with convecting mantle melts (Tuff and Gibson, 2006) . Data are from Table 3 .
Chondrite normalization factors are from McDonough and Sun (1995) . events (Bell et al., 2003) . Pressure-temperature estimates from Finsch suggest that the base of the mechanical boundary layer beneath the Kaapvaal craton is at a depth of ∼204 km (Fig. 10) . The deepest orthopyroxenes exhibiting exsolution of garnet that were examined in this study were therefore entrained from within 30 km of this major boundary.
Discussion
The orthopyroxenes with exsolved garnet that were examined in this study are remarkably fresh and offer a new perspective on the garnet paradox. The lack of any signs of dissolution of the megacrysts is somewhat surprising, given the susceptibility of orthopyroxenes to react with silica-undersaturated melts during transport to the surface (Bussweiler et al., 2016; Russell et al., 2012; Soltys et al., 2016) , and the extent to which the orthopyroxenes have interacted with the host kimberlite is limited. While thin veins that cross-cut the exsolved garnets in the orthopyroxene megacrysts may be evidence of post-entrainment interaction and kimberlite infiltration, the variability in enrichment of the LREEs in the exsolved garnets appears to be depth dependent, i.e. occurred prior to entrainment, such as at Wesselton where a variety of different styles of REE enrichment is evident (Fig. 8) .
What are the crystal controls on garnet exsolution from orthopyroxene?
The results of the high temperature (1450 to 1525°C) and pressure (<4.5 to 5.5 GPa) experiments of Canil (1991) suggest that both garnet and clinopyroxene might form in the lithospheric mantle as a result of sub-solidus isochemical exsolution from orthopyroxene. It is anticipated that the size and spacing of the exsolved garnets will vary systematically according to diffusion mechanisms and decrease with the rate of sub-solidus cooling. Greater insights into this process are provided by enstatite-rich megacryst BD3736/1, which records the variable length scales of diffusion that accompanies subsolidus cooling and exsolution (see above). The multi-stage exsolution involved in the cooling of this megacryst is interpreted as follows: (1) At high sub-solidus temperatures enstatite with high contents of CaO and Al 2 O 3 behaves as a monoclinic crystal (clino-enstatite) and exsolves pyrope garnet parallel to {001}. Equant 2-3 mm grains of garnet coalesce into widely-spaced chains. (2) Sub-solidus exsolution and diffusion of large cations (Ca 2+ , Al 3+ and Si 4+ ) causes clino-enstatite to invert to ortho-enstatite, perhaps promoting deformation of the crystal lattice. (3) This exsolution of clinopyroxene (Mg# = 95) and nucleation occurs as equallyspaced 'spindle-shaped' blebs along orthopyroxenegarnet grain boundaries and parallel to {110} (Fig. 6) . (4) This nucleation and growth of coarse FIG. 9 . Comparison of equilibration temperatures estimated for orthopyroxene megacrysts using the two-pyroxene solvus thermometer of Taylor (1998) and the Ca-in-orthopyroxene thermometer of . Dashed lines are 60°C tolerance limits from a 1:1 correlation (thick solid line) of the thermometers as suggested by Nimis and Grütter (2009) . P-T data are from Table 2. garnet and clinopyroxene creates depletion 'haloes' in the host orthopyroxene (Fig. 6 ).
(5) Homogeneous nucleation and crystallization of clinopyroxene takes place away from the depletion 'haloes' associated with previously exsolved garnet and clinopyroxene, to form equally-spaced fine lamellae (Mg# = 91) parallel to {110}. (6) Finally, dislocation creep results in planar, sub-grain boundaries parallel to garnet-orthopyroxene grain boundaries.
Isochemical exsolution of garnet from orthopyroxene during lithospheric cooling
A key finding from the thermobarometry is that garnet is exsolving from orthopyroxene throughout most of the depth range where garnet is stable (85-175 km) in the Kaapvaal lithospheric mantle, which implies that this is not a localized process. In this study, evidence that some of the exsolved garnets have interacted with percolating metasomatic fluids and melts is provided by their rareearth-element patterns. It can be seen from Fig. 8 that the 'normal' and 'sinusoidal' REE patterns displayed by the exsolved garnets resemble those exhibited by global garnets of lherzolitic and harzburgitic paragenesis, respectively. A significant observation from this study is that garnet and clinopyroxene most highly-depleted in stronglyincompatible trace-element concentrations were exsolved from orthopyroxene megacrysts entrained from the shallowest depths (∼90 km) and lowest temperatures (∼700°C; Fig. 8 ). While this is most profound for Jagersfontein megacryst BD3736/1, garnets with low Cr 2 O 3 (<3 wt.%) and REE abundances are also found exsolved in fullyequilibrated orthopyroxene megacrysts that were entrained from shallow depths in the lithospheric mantle beneath Wesselton and Frank Smith mines. The low concentrations of trace elements that characterize some of the exsolved garnets (e.g. BD3736/1, Table 3) are highly significant because they are similar to the hypothetical composition proposed for mantle garnets prior to metasomatism by fluids and small-fraction kimberlite-like melts (Shu and Brey, 2015; Stachel et al., 2004; Ziberna et al., 2013; Fig. 11a ). The HREE contents of the hypothetical compositions were estimated from the Dy to Lu slope on chondrite-normalized REE plots of sub-calcic garnets whereas the light and middle REEs (La to Tb) were calculated from experimental melt partition coefficients (e.g. Johnson, 1998) . A further important finding is that the most LREEdepleted exsolved garnets have even lower concentrations of La, Ce, Pr and Nd than the most LREE-depleted garnets found to date in both peridotite xenoliths (from Tanzania; Gibson et al., 2013) and diamond inclusion suites, e.g. from Kankan and Yakutia (Stachel et al., 2000; Taylor et al., 2003) ; Fig. 11b, c, d ). The latter is significant because once having been encapsulated by diamonds, garnets are protected from later metasomatic events (Shu and Brey, 2015) and their REE patterns reveal enrichment that may pre-date or coincide with diamond formation (Fig. 11e) . . P-T estimates for Finsch peridotites are from the same geothermometers and geobarometers as the orthopyroxene megacrysts, i.e. the formulations of Taylor (1998), and Nickel and Green (1985) . P-T data are from Table 2 . ΔT is the difference in temperature of the anhydrous peridotite solidus (Hirschmann, 2000) and the conductive geotherm at a given pressure. The stability fields of graphite and diamond, and orthopyroxene and garnet, are from Kennedy and Kennedy (1976) and Canil (1991) , respectively. The spinel-garnet transition is from Klemme and O'Neill (2000) . See text for discussion of exsolution textures in BD3736/1.
The 'normal' REE patterns of lherzolitic garnets resemble those generated in experiments on primitive mantle melts (e.g. Tuff and Gibson, 2006; Fig. 11f ) and are commonly associated with melt-related mantle metasomatism, whereas the sinusoidal REE patterns are similar to those of harzburgitic garnets that are thought to result from the infiltration of low-temperature fluids (Stachel et al., 1998; Stachel and Harris, 1997) or carbonatitic melts (Shu and Brey, 2015) . An interesting paradox arises from the fact that while all of the exsolved garnets have a lherzolitic affinity in terms of their CaO and Cr 2 O 3 contents (Fig. 2) some of their REE patterns resemble those found in mantle harzburgites (Fig. 11f ) . This dichotomy most likely arises because the REEs are incorporated in garnet via exchange with divalent cations that occupy the eight-fold site other than simply Ca (e.g. Mg; Orman et al., 2002) . Also, garnet has high partition coefficients for many incompatible trace elements, relative to olivine and orthopyroxene, and numerical models show that only a small percentage of fluid or melt is required to change the REE pattern from strongly LREE-depleted to 'normal' (Gibson et al., 2013; Shu and Brey, 2015) .
Beneath southern Africa, craton-scale metasomatism has been multi-phase (Kramers et al., 1983; Menzies and Murphy, 1980; Shu et al., 2013) and is most prevalent in the lower part (130-200 km) of the Kaapvaal lithosphere, where it is associated with deformed high-temperature peridotites. At shallow depths (<105 km) -and where orthopyroxene megacryst BD3736/1 was entrained -the lithospheric mantle is characterized by coarse, FIG. 11 . Comparison of chondrite-normalized rare-earth element (REE) patterns for garnets: (a) exsolved in Kaapvaal orthopyroxene megacryst BD3636/1 with: (b) from Sierra Nevada peridotites (Chin et al., 2012) ; (c) with ultra-depleted CaO contents found at Lashaine, Tanzania (Gibson et al., 2013); (d ) and (e) present in peridotitic diamond inclusions from Kankan, Yakutia and Roberts Victor mine (Stachel et al., 1998 (Stachel et al., , 2000 Taylor et al., 2003) ; and ( f ) with REE patterns akin to those typical of lherzolite and harzburgite paragenesis (Stachel and Harris, 2008) . The former have flat middle-to-heavy REE patterns while the latter are distinguished by their sinusoidal patterns.
low-temperature peridotites that contain garnets which have largely escaped metasomatism Harte, 1999, 2004) . As only a very small proportion (∼5%) of the Kaapvaal lithospheric mantle is formed of harzburgite (Schulze, 1995) , and hence has remained immune from chemical over-printing, it is not surprising that incompatible-trace-element-depleted signatures such as those observed in exsolved garnets from BD3736/1 are rare.
In comparison to many of the world's other cratons the lithospheric mantle underlying the eastern and central parts of the Kaapvaal, Tanzanian and northern Siberian cratons is unusually rich in orthopyroxene (Boyd, 1989; Boyd and Mertzman, 1987; Griffin et al., 1999b; Rudnick et al., 1994) . Of these, the lithospheric mantle beneath the Kaapvaal craton contains the greatest amount of orthopyroxene and is present in almost two-fold the abundance of average Archean cratonic mantle (Table 5 ). This 'excess' in orthopyroxene (enstatite) occurs at the expense of olivine and requires that the bulk-rock Mg# remains constant but SiO 2 contents are increased. The formation of excess orthopyroxene appears to have taken place prior to or during lithospheric thickening, thermal consolidation and stabilization (i.e. cratonization) at ∼2.9 to 2.75 Ga and has been attributed variously to: (1) extraction of komatiite melts in the Archean (Boyd, 1989; Doucet et al., 2012) ; (2) crystallization from an SiO 2 -rich ultrabasic magma (Herzberg, 1993) ; (3) phase transformation from olivine to orthopyroxene by reaction with percolating silicic fluids, rich in Al, Ca and Na (Kelemen et al., 1998; Kesson and Ringwood, 1989; Rudnick et al., 1994) The high Mg# of many of the pre-cursor orthopyroxenes is consistent with their formation as either a residue of mantle melting or a reaction product of a silicic fluid with Fo-rich olivine, rather than crystal fractionation from a more Fe-rich kimberlite host.
Control of orthopyroxene composition and subsolidus cooling on garnet exsolution
In the Kaapvaal orthopyroxenes studied here there is no correlation between either the style of garnet exsolution or presence/absence of Cr-diopside with temperature or pressure. This suggests that their formation is dependent upon the composition of the host orthopyroxene and consistent with the findings of Canil (1991) , which showed that the ability of orthopyroxene (enstatite) to exsolve pyrope garnet and/or Cr-diopside during sub-solidus cooling of the mantle is dependent upon Al 2 O 3 and CaO contents. Concentrations of these oxides vary systematically in orthopyroxenes that formed as melt residues in different tectonic settings (see Gibson et al., 2008 and Fig. 7 ): those in garnet harzburgites from oncraton settings usually have a restricted range of Al 2 O 3 (<1 wt.%) and CaO (0.5 wt.%) whereas orthopyroxenes in spinel harzburgites from offcraton and oceanic settings exhibit a much wider positive correlation between Al 2 O 3 (up to 6 wt.%) and CaO (up to 2 wt.%). Figure 7 shows that most of the recalculated, bulk pre-exsolution compositions of Kaapvaal orthopyroxenes are characterized by high Al 2 O 3 relative to typical cratonic orthopyroxene and plot in the field of spinel-bearing off-craton or abyssal peridotites. Exceptions are the recalculated, pre-exsolution compositions of orthopyroxene megacrysts from Frank Smith mine which have very high CaO but low Al 2 O 3 contents; in this respect they are similar to orthopyroxenes found in metasomatized and sheared, high-temperature garnet peridotites (lherzolites, Fig. 7) .
The high Mg# (91-94) estimated for the preexsolution orthopyroxenes (except those from Frank Smith mine) are characteristic of those found in depleted harzburgites, which are thought to have formed as residues of a large amount of upwelling and adiabatic decompression melting (Boyd et al., 1993; Harte, 1983; O'Hara et al., 1975) . If reaction of olivine with silicic fluids was also involved in the formation of the orthopyroxene this would require highly-forsteritic olivine to transform to high-Mg# orthopyroxene. While the orthopyroxenes show no geochemical evidence for this process it might offer a plausible explanation for the large size of the orthopyroxene crystals. Regardless of this uncertainty, the large amounts of decompression melting required to explain the high Mg# of the pre-exsolution orthopyroxenes (Herzberg, 2004) imply that they are associated with residues that formed as a consequence of large amounts of melting at relatively low pressures (<2.5 GPa) in the melting regime, i.e. at significantly lower pressures than those at which the orthopyroxenes exhibiting garnet exsolution equilibrated in the lithospheric mantle prior to their entrainment (Table 4) . Although at shallow pressures the stable Al-bearing mantle phase would be spinel (Fig. 10) it is unlikely that this would exist in the residue at such high degrees of melting.
The dominant control on diffusion and subsolidus exsolution is temperature. While there remains a lack of consensus as to the processes involved in cratonization (e.g. Arndt et al., 2009; Aulbach, 2012; Pearson and Wittig, 2008) it seems plausible that the coarse exsolution textures in the orthopyroxenes correspond to slow cooling, from near-anhydrous peridotite solidus conditions in the Archean to those of the present-day sub-cratonic conductive geotherm. The final recorded equilibration temperatures of the orthopyroxenes are well below that of their formation (Table 4) , as either a melt residue or reaction product of olivine with silicic fluids prior to cratonization (i.e. >2.5 Ga). Beneath the cratons the gradient of the conductive geotherm (i.e. dP/dT) is smaller than that of the anhydrous peridotite solidus so that the subsolidus cooling interval (ΔT ) varies with pressure ( Fig. 10) :
On the basis of a conductive geotherm of 45.6 mW/m 2 for the Kaapvaal craton, ΔT corresponds to ∼700°C at a pressure of 2.5 GPa and decreases to 500°C at 4.5 GPa (Fig. 10) . The experiments of Canil (1991) indicate that, under these circumstances, garnet would start to exsolve from orthopyroxene at ∼200°C below the solidus. Diffusion of Ca 2+ , Al 3+ and Si 4+ from the orthopyroxene lattice below this temperature would continue to the final cooling temperature defined by the conductive geotherm, i.e. over a temperature interval of <500°C. The ΔT calculations shown in Table 4 assume that the exsolution process is isobaric, which is a simplified approach as garnet would almost certainly be exsolving over a range of pressures. Even with this assumption it is not straight forward to calculate the amount of time for garnet to form thick lamellae in mantle orthopyroxenes. This is because: (1) the diffusion rate of Al in orthopyroxene is poorly constrained (Chin et al., 2015) ; and (2) the cooling rate of cratonic lithosphere -since its time of isolation from the convecting mantle and subsequent stabilisation >2.5 Ga -is poorly known.
Estimates from isotopic studies of mantle xenoliths and geophysical investigations for cooling of the cratonic lithosphere range from 0.04 to 0.1°C/Ma (Bedini et al., 2004; Michaut and Jaupart, 2007; Shu et al., 2014) . Such a slow cooling rate would readily explain the sub-solidus exsolution of garnet from orthopyroxene during the last 2.5 Ga, over the 500 to 700°C interval between the dry peridotite solidus. Nevertheless, the occurrence of garnet lamellae in mantle orthopyroxene from much younger terranes indicates that this process may be much faster (see below).
Is the Sierra Nevada continental arc (western USA) a Mesozoic analogue for garnet exsolution in thickened Archean lithosphere?
The mechanisms that occurred during the exsolution of garnet in orthopyroxenes from the Kaapvaal craton are unclear but may be similar to those recently inferred from peridotite xenoliths from the Late Mesozoic Sierra Nevada continental arc in California (Chin et al., 2012 (Chin et al., , 2015 . The Sierra Nevada garnets occur as rods and lamellae in orthopyroxene as well as discrete grains and coronas around spinel. The width of the exsolved rods and lamellae ranges from 100 nm to 30 µm, and therefore at a much-finer length scale than observed in the Kaapvaal orthopyroxenes described above. Both the exsolved and discrete Sierra Nevada garnets have similar CaO (4 to 5.5 wt.%) but slightly lower Cr 2 O 3 contents (1 to 2 wt.%) than the exsolved Kaapvaal garnets, and are also 'lherzolitic' (Fig. 2) . The Sierra Nevada garnets are, however, less magnesian (Mg# = 75-80) than the exsolved Kaapvaal garnets (Mg# = 63-87) and have elevated concentrations of REEs (HREEs are up to ∼50 × chondrite, Fig. 11b ). The most LREE depleted analyses of Sierra Nevada garnets are from the cores of discrete grains and exsolved lamellae, and their overall REE patterns resemble the strongly LREE depleted garnets exsolved in Kaapvaal orthopyroxene megacryst BD3736/1 (Fig. 11a) . In contrast to the Kaapvaal samples, some Sierra Nevada garnets are not fully equilibrated and their rims exhibit mildly-sinusoidal patterns that are similar to some Kaapvaal megacrysts (e.g. BD2015/5, Table 3 ).
The lower temperatures of the convecting mantle in the Mesozoic compared to the Archean would decrease the depth and amount of partial melting of upwelling peridotite. This may well explain the generally lower Mg# of Sierra Nevada host orthopyroxenes (mean Mg# = 91.5) and their exsolved garnets. The higher Mg# of the Kaapvaal orthopyroxenes (mean Mg# = 92.6, excl. Frank Smith mine) may account for their lower REE concentrations as the REEs are thought to partially substitute for Mg in garnet (Orman et al., 2002) . The sinusoidal REE patterns displayed by the rims of some of the Sierran garnets and also garnet coronas around spinel may be linked to a refertilization event immediately prior to entrainment (Chin et al., 2012) . Such disequilibrium is not evident in the exsolved Kaapvaal garnets but the sinusoidal and normal REE patterns of some of these garnets may be testimony to a refertilization event well before the time of entrainment. Akin to the model proposed above for the Kaapvaal samples, Chin et al. (2012) suggested that the protoliths of the Sierra Nevada garnetbearing peridotites were spinel peridotites, formed by shallow melt depletion (1-2 GPa, 1300-1400°C) followed by compression and cooling in the garnet stability field, as a consequence of progressive thickening of the Sierran arc lithosphere. Chin et al. (2015) modelled Al-diffusion profiles in the orthopyroxenes and combined these with Lu-Hf and Sm-Nd model ages to show that the Sierran lithosphere cooled very quickly (<10 M.y.) from 1250 to 750°C, just after the peak of arc magmatism. One possible scenario is that the isochemical subsolidus exsolution of garnet from orthopyroxene in sub-cratonic mantle occurred during cratonization and rapid lithospheric thickening at ∼2.5 Ga. A detailed Sm-Nd and Lu-Hf isotopic investigation is now required to date closure temperatures for the exsolved clinopyroxene and garnet (see Shu et al., 2014) . These timescales of exsolution could potentially distinguish between the different processes that have been proposed for the formation of cratonic lithosphere, i.e. evidence of rapid cooling would be consistent with models that invoke tectonic thickening whereas conductive cooling of a thermal boundary layer would require longer timescales.
Conclusions
(1) Orthopyroxenes (enstatite) found as megacrysts and also in mantle xenoliths entrained in kimberlites from southern parts of the Kaapvaal craton show evidence for isochemical exsolution of pyrope garnet and in some cases Cr-diopside. Spectacular microstructures formed by exsolved garnet vary from fine to coarse lamellae and are best preserved in orthopyroxene megacrysts. The diffusion length scale of garnet forming coarse lamellae in large (20 mm) orthopyroxene megacrysts is 2 mm. For smaller orthopyroxene grains (<10 mm), found in peridotite xenoliths, diffusion lengths of Ca 2+ , Al 3+ and Si 4+ are such that garnet nucleates on orthopyroxene grain boundaries. These are most readily identified when they form interconnected networks or 'necklace' textures. They may also form discrete grains but establishing the origin of these is more enigmatic.
(2) Pressure and temperature estimates reveal the orthopyroxenes with exsolved garnet were FIG. 12 . Schematic illustration of the lithospheric mantle beneath the Kaapvaal craton, highlighting the large depth interval (90 km) over which garnet has exsolved from orthopyroxene. The thickness of the lithosphere (mechanical boundary layer) beneath the Kaapvaal craton is taken from the conductive geotherm calculated for Finsch mine (see Fig. 10 ). The graphite-diamond stability field is from Kennedy and Kennedy (1976) . Mantle metasomatism is pervasive in the lowermost (∼75 km) of the lithosphere.
entrained from a wide depth interval (85-175 km) that occupies almost the whole of the garnet stability field in the Kaapvaal lithospheric mantle (Fig. 12) .
(3) The recalculated compositions of many of the precursor ( pre-exsolution) orthopyroxenes are characterized by high Mg#, Al 2 O 3 and CaO contents. They resemble residues formed by adiabatic decompression melting in the shallow (spinel-facies) mantle but a reaction involving transformation from olivine by reaction with silica-rich fluids cannot be excluded. The temperatures of initial orthopyroxene formation are significantly higher -and their pressures much less -than those of their final equilibration, and it is proposed that garnet exsolution probably occurred during lithospheric thickening. This may have been during cratonization (i.e. prior to 2.5 Ga) but further work is required to establish the timing of this. Analogous microstructures of garnet exsolution from orthopyroxene are preserved in peridotite mantle xenoliths from the Late Mesozoic Sierra Nevada continental arc. Here, where the tectonic setting is much better understood, and coexisting phases are not yet fully equilibrated, exsolution of garnet from orthopyroxene has been estimated to occur in ∼10 M.y., i.e. very rapid (Chin et al., 2015) .
(4) Garnets exsolved from orthopyroxenes entrained from the lower parts of the sub-cratonic lithosphere appear to have undergone refertilization by metasomatic melts and fluids but those entrained from much shallower depths (∼90 km) are strongly-depleted in LREEs and preserve their original isochemical exsolution compositions. This is a significant feature of the dataset because these compositions represent the closest approximation to those proposed for hypothethetical premetasomatic garnets of any published to date. They provide important end-member compositions in models of enrichment of highly-depleted peridotite in the lithospheric mantle by reactive percolation of fluids and melts, which in some cases involved the synchronous growth of diamond.
(5) The modal abundance of garnet formed by isochemical exsolution from orthopyroxene in the Kaapvaal sub-cratonic mantle and elsewhere is unclear but may prove to be an important consideration in models put forward to explain the widespread occurrence and nature of garnet, and processes involved in the formation and stabilization of Earth's most ancient continental lithospheric mantle.
